The cationic gemini surfactant ethanediyl-a,b-bis(cetyldimethylammonium bromide (16-2-16) was synthesized and characterized. Aggregation of the surfactant molecules was established by surface tension measurements and viscosity methods. Some thermodynamic parameters, such as the adsorption capacity of the surface, the molecular area associated with adsorption and the free energy of micellization, were calculated from plots of the surface tension versus the concentration. The dynamic surface and interfacial tensions were measured using the pendant drop method at the air/water surface and the dodecane/ water interface. The experimental curve was close to the orientation and interaction models of the surface equations of state.
INTRODUCTION
Much attention has always been given in colloid and surface chemistry to the synthesis and properties of new surfactants. During the last decade of the 20th century, a new class of surfaceactive agent emerged that has attracted increasing attention both from an industrial and academic research standpoint.
These surfactants possess two hydrophilic groups and two hydrophobic groups per molecule separated by a spacer that Menger called 'gemini' (Menger and Littau 1991) . Due to their unique structure, geminis are more prone to be adsorbed at the air/water interface leading to a more efficient reduction of the surface tension as well as an increasing tendency to form micelles. As a result, the critical micellar concentration (cmc) of geminis is 10-100-times smaller than that of conventional surfactants. In addition, geminis exhibit better solubilizing properties towards some water-insoluble non-ionic surfactants and have a greater potential for synergism in surface tension reduction when mixed with other surfactants. Finally, because of their lower Krafft temperatures, the solubility of geminis in water is good (Rosen 1993) .
The synthesis of cationic geminis is relative easy, they exhibit lower cmc values as mentioned above, their tendency towards adsorption is lower than that of their monomeric counterparts (Esumi et al. 1996) as are their Krafft temperatures (their solubilities at oil reservoir temperatures, e.g. 50°C). In addition, cationic geminis exhibit viscoelastic behaviour at low concentrations (Rosen 1993) . All of these properties indicate their extensive potential for use in enhanced oil recovery (EOR).
The properties of cationic gemini surfactants have been extensively investigated previously (Rosen 1993; Zana and Levy 1997; Alami et al. 1993; Frindi et al. 1994; Danino et al. 1995; Chorro et al. 1998) . However, such studies were mainly in relation to the alkanediyla,w-bis(dodecyldimethylammonium bromide) series. Such compounds are generally referred to as m-s-m, where m is the length of the hydrophobic moiety and s is the length of the spacer, the corresponding notation in this case being 12-s-12. In contrast, the 16-s-16 series has been studied to only a very limited extent to date. These investigations have centred on the measurement of the cmc and studies of the phase behaviour (Alami et al. 1993) . No consideration has been given to the surface and interfacial properties of 16-2-16, particularly the dynamic surface properties. As is well known, some of potentially useful properties of cationic surfactants, such as in disinfection and antistatic situations, are related to dynamic adsorption.
In the present study, the dynamic surface tension of 16-2-16 was investigated by means of the pendant drop method. In addition, through the use of n-dodecane as the oil phase, the dynamic adsorption of 16-2-16 was also studied at the dodecane/water interface. N, N, N', was obtained from the Beijing Chemical Reagent Company. 1-Bromohexadecane (98%), ethanol (99.7%), n-hexane (95%) and cetyltrimethylammonium bromide (analytical purity) were obtained from the Beijing Chemicals Factory. Dodecane (98%) was from the Shanghai Chemical Reagent Company. All were used without further purification. Deionized water with an electric conductance between 1.3-1.5 mS/cm was employed throughout.
EXPERIMENTAL
The dynamic surface and interfacial tensions were measured by the pendant drop method, and the cmc was evaluated from plots of the static surface tension versus the logarithm of the concentration. The apparatus employed, i.e. JC2000A POWEREACH, was made by the Shanghai Zhongchen Powereach Company. It was calibrated using the surface tensions of deionized water and pure ethanol, and the interfacial tension of the water/isoamyl alcohol system. The measured values were 72.2 mN/m, 22.4 mN/m and 4.7 mN/m, respectively, all in agreement with literature values. Before any measurement, the syringe (f = 0.7 mm) was carefully cleaned with pure ethanol and water. During measurements, it was found that the data from the first drop (and sometimes the second drop) were usually different from those of others. For this reason, the first series of data were generally discarded. To maintain accuracy and reproducibility of the measurements, it was necessary to ensure that the volumes of drops at the same concentration were uniform (± 0.5 ml) and as large as possible under the experimental conditions employed, i.e. the window size of the computer and the magnitude of the surface tension. Values of the dynamic tension were mainly measured manually and although the time necessary for such measurements was long this had little effect on the reproducibility of the data obtained.
To reduce any loss in the liquid drop volume during such lengthy experiment times, a sealed membrane was used to cover the measurement cuvette. Deionized water was added to the cuvette and measurements commenced after water vapour equilibrium had been established. It was found that the loss of liquid from the drop was less than 4% after 4-h suspension, which was well within the accuracy required from experiments conducted over the extended time periods employed.
Equilibrium values of the surface tension were taken at least every 30 min until the measured values were constant, while those of the interfacial tension were measured at 10-15-min intervals. All data reported were the average values of three parallel experiments. This technique had an accuracy of ± 0.1 mN/m. The viscosity was measured using an Ubbelohde viscometer of 0.8 mm i.d. and 4.5 ml volume. All of the measures were undertaken at room temperature (20°C).
The surfactant was synthesized via the reaction of N,N,N',N'-tetramethylethylenediamine with 1-bromohexadecane. The method employed was as described by except that a reaction time of 8 h was employed rather than the 48 h mentioned by these workers. The resulting product was subjected to elemental analysis and 1 H NMR studies in order to characterize both its structure and purity. The results of elemental analysis for C 38 H 82 N 2 Br 2 (with calculated values given in parentheses) were: C, 62.39% (62.79%); H, 11.56% (11.37%); N, 3.67% (3.86%); Br, 22.47% (21.99%). Peak values were observed in the 1 H NMR spectrum at 0.8701 (6H), 1.2445-1.3663 (52H), 1.8181(4H), 3.6984-3.6933 (4H), 3.5043 (12H) and 4.7338 (4H) ppm, respectively.
Both the elemental analysis and 1 H NMR data indicated that the synthesized product gave values in good agreement with those expected theoretically and that no monoquaternized product was present. Shortening the reaction time as indicated above had no effect on the quality of the product obtained. In addition, the absence of a minimum in the plot of surface tension versus concentration demonstrated that the product was of sufficient purity to allow its use in the experimental studies detailed below.
RESULTS AND DISCUSSION

Aggregation of 16-2-16
The cmc value was determined from a plot of surface tension versus concentration as depicted in Figure 1 , which should be compared with the viscosity data depicted in Figure 2 . Figure 2 shows that, at low concentrations, the reduced viscosity increased as the concentration increased. In contrast, when the concentration approached the cmc, the reduced viscosity diminished with increasing concentration. The minimum in the reduced viscosity corresponds to the cmc, whose value as shown in the figure was 2.0 ´10 -5 mol/l. After the cmc, the reduced viscosity showed only a limited variation over the concentration range studied, thereby indicating that the micellar state remained the same as at the cmc.
Using the values of the cmc and g cmc , it was possible to deduce some thermodynamic parameters for aqueous solutions of the surfactant. Thus, from the Gibbs adsorption equation:
(1) the relationship (Dam et al. 1996) : (2) and the equation: (3) it is possible to calculate the maximum surface excess (G max ), the surface area (A m ) and the free energy of the micelles (DG m ). In these equations, R is the gas constant, N a is Avogadro's constant, and n and are constants which take the values n = 3 and Q = 4 for 1:2 surfactants (Alami et al. 1993; Dam et al. 1996) . The results obtained in the present work are listed in Table 1 , where the values for cetyltrimethylammonium bromide (CTAB) are also included in order to provide a comparison for the adsorption of a monoquaternary ammonium surfactant of the same chain length (for CTAB, n = 2 and Q = 1). The data listed in Table 1 indicate that the cmc of 16-2-16 was 50-times smaller than that of CTAB. In addition, the surface excess concentration of 16-2-16 was larger while the surface area of 16-2-16 was smaller than that of CTAB. This indicates that the head groups of gemini surfactants are closer to each other at the air/water interface, with the length of the spacer limiting the electrostatic effects. By comparison with the homologous 12-2-12, the surface area of 16-2-16 is also smaller (Alami et al. 1993) , which demonstrates that the length of the hydrophobic moiety influences the adsorption of cationic geminis. In addition, the value of the free energy of micelle formation for 16-2-16 was ca. twice that of CTAB, indicating that every carbon atom in the hydrophobic chains makes the same contribution to the energy of micelle formation in aqueous solution.
Dynamic surface adsorption of 16-2-16
Normally, the adsorption of a surfactant at the liquid/fluid interface is very fast, with its dynamics being described basically as being diffusion-controlled (Eastoe and Dalton 2000; Ravera et al. 2000) . However, for some surfactants, the adsorption rate can be reduced by the molecular orientation (Ravera et al. 2000) , electrostatic repulsion (Bonfillon et al. 1994) , interaction between the hydrophobic chains and desorption of the adsorbed molecules (Eastoe and Dalton 2000; Fainerman et al. 2000) . All these effects can give rise to alternative adsorption mechanisms. Figure 3 shows the dynamic surface tension of an aqueous solution of 16-2-16 as a function of time and shows that the time necessary for 16-2-16 to achieve equilibrium was much longer than expected generally for surfactants at the air/water interface, being 3-4 h at around the cmc value. This phenomenon is a consequence of the unique structure and size of 16-2-16. Zana and co-workers (1991, 1997) confirmed that, because of the spatial arrangement in m-s-m, this surfactant adopts an arrangement at the air/water interface such that the spacer is in contact with water and lies in a more-or-less stretched configuration at the interface. The hydrophobic chains will stand erect from the water interface when the distance between the spacers is less that that necessary to overcome electrostatic repulsion (Alami et al. 1993) .
Because of the rigidity of the spacer in the case of m-s-m, more time will be necessary to allow for the arrangement and re-orientation of the two hydrophobic chains contained in the surfactant molecule. Figure 4 depicts some possible arranging and orientating processes at the air/water interface for 16-2-16. As can be seen from the figure, at the fresh water/fluid interface, molecules of 16-2-16 could lie on the water surface or the hydrophobic chains could be orientated from the surface during the initial adsorption process. With increasing adsorption, the new adsorptive states 1 and 2 could occur. Re-orientation and the rate difference between chains lying horizontally or vertically would be governed by the flexibility of the spacer. In addition to orientation, the larger molecular weight and size of 16-2-16 would make its diffusion slower. Dam et al. (1996) measured the surface tension of the homologous 12-s-12 surfactants by employing the maximum bubble pressure method. It should be noted, incidentally, that they encountered difficulties in determining the cmc of 14-2-14. Although the surface tensions obtained were ca. 70 mN/m at concentrations higher than the cmc, the method could not be used to determine the cmc itself. They attributed this difficulty to the viscoelastic behaviour of 14-2-14. From our experiments, it is obvious that the adsorption rate of the surfactant is low at the newly emerging interface and that this results in a high surface tension within a short time interval.
The adsorption of surfactants at surfaces can be described by the surface equation of state. At low surface concentrations when there is no interaction between the adsorbed monomers, it is possible to use the Henry equation: (4) and with large surface concentrations, the Szyszkowski-Langmuir equation: can be used. If there is interaction between the adsorbed molecules, the Frumkin equation (Eastoe and Dalton 2000) : (6) is often used. For the case of electrostatic repulsion, Bonfillon et al. (1994) proposed a simple model to explain the electrostatic interaction between active ions at the adsorbed monolayer based on the Langmuir equation:
With respect to the molecular orientation of surfactants at the adsorbed monolayer, Miller et al. (1999) and Ravera et al. (2000) have suggested a molecular orientation model as the controlling process in adsorption dynamics. They postulated that adsorbed surfactant molecules can exist in two states 1 and 2 (such as 1 and 2 in Figure 4 ) characterized by different values of the partial molar area A, i.e. A1 > A2, with the adsorption activity of the surfactant molecules in state 1 being larger than those in state 2. Because of the larger surface activity of state 2, state 1 can transit to state 2, i.e. molecular orientation can occur. The orientation process within the surface layer requires some time and results in the deceleration of the surface tension decrease. The surface equation of state provided is defined as: (8) where P is the surface pressure, g o and g are the surface tensions of the solvent and solution, respectively, G is the surface excess concentration, G ¥ is the maximum surface excess concentration, a is the intermolecular interaction constant and A S is the mean partial molar area of the adsorbed surfactant molecule. Taking n = 3, the surface adsorption data can be treated with the surface equation of state to give the results plotted in Figure 5 . As shown in Figure 5 , the calculated curves of the five surface equations of state were not in good agreement with the experimental curve, although the results of the orientation model and the Frumkin model were relatively closer to those obtained experimentally. This indicates that the adsorption of 16-2-16 cannot simply be described by a single interaction; in other words, such adsorption must involve multiple interactions. Of these, the orientation and intermolecular interaction of surface-active ions at the surface may be major factors at low adsorption rates. As the concentration of absorbed film increased with increasing bulk concentrations, the orientation of the adsorbed ions of 16-2-16 at the adsorbed layer became more difficult and the interaction of the adsorbed ions increased accordingly. For this reason, the time necessary to attain equilibrium increased and reached its maximum value at a concentration slightly larger than the cmc. However, at concentrations much larger than the cmc, the large concentration of surfactant just below the interface (where interchange between the micelles and the monomer molecules is fast) reduced the diffusion time significantly and the final equilibrium time was also reduced in consequence.
Dynamic interfacial adsorption of 16-2-16 at the dodecane/water interface
Variations in the interfacial tension with 16-2-16 concentration at the dodecane/water interface are shown in Figure 6 , and some calculated thermodynamic parameters are listed in Table 1 . The curve depicted in Figure 6 also exhibits a breakpoint corresponding to a 16-2-16 concentration of 1.3 ´10 -5 mol/l, which is smaller than the cmc of 16-2-16 at the water/air interface. This phenomenon was due mainly to trace amount of impurities in the dodecane that were capable of entering the aqueous phase. Under these conditions, they would be solubilized by the 16-2-16 micelles and this would lead to a lower value of the cmc (Rosen 1989) . For the same reason, stable values of the interfacial tension could not be achieved even over very long time values (Bonfillon et al. 1994; Miller et al. 1999) . However, values taken at 10-15-min intervals during the experiments were constant. In addition, it should be noted that the minimum cross-sectional area of the 16-2-16 molecule at the oil/water interface was smaller than that of CTAB, despite the fact that the dodecane hydrocarbon chains present in the adsorbed surfactant layer at the interface result in an increased adsorption molecular area. Curves of the dynamic interfacial tension arising from the presence of 16-2-16 in the dodecane/ water interface are depicted in Figure 7 . The data indicate that the larger the concentration, the longer the equilibrium time necessary near the cmc -the longest equilibrium time was required at concentrations slightly higher than the cmc. The trend observed for the dynamic interfacial tension of 16-2-16 solutions was similar to that for the dynamic surface tension, with the difference that the equilibrium time necessary for interfacial tension was shorter than that for surface tension. Thus, the equilibrium time necessary for surface tension was 280 min at a concentration of 1.5 ´10 -5 mol/l, whereas the equilibrium time for interfacial tension was 120 min at the dodecane/water interface. This was due to the increased tendency of the surfactant to adsorb at the oil/water interface (Rosen 1989; Miller et al. 1999) , the interaction between the hydrophobic chain and dodecane leading to a reduction in the free energy of the system (Miller et al. 1999) . In addition, the insertion of dodecane into the adsorption layer reduced the electrostatic repulsion between the head groups of 16-2-16. These two factors led to a reduction in the equilibrium time necessary for interfacial tension.
CONCLUSIONS
This study has shown that the adsorption rate of 16-2-16 was slow at the liquid/fluid interface, while adsorption at the air/water interface was much slower than at the oil/aqueous solution interface. This was attributed to the unique molecular structure and size of 16-2-16. Because of its low cmc, low Krafft temperature (measured as 44°C) and its reduced adsorption at a solid surface, 16-2-16 should have a broad, future potential applicability in enhanced oil recovery (EOR) (Bi et al. 1999) . 
